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†Department of Chemistry and ‡Molecular Biophysics Program, University of Wisconsin-Madison, Madison, WisconsinABSTRACT Superresolution fluorescence microscopy is used to locate single copies of RNA polymerase (RNAP) in live
Escherichia coli and track their diffusive motion. On a timescale of 0.1–1 s, most copies separate remarkably cleanly into two
diffusive states. The ‘‘slow’’ RNAPs, which move indistinguishably from DNA loci, are assigned to specifically bound copies
(with fractional population ftrxn) that are initiating transcription, elongating, pausing, or awaiting termination. The ‘‘mixed-state’’
RNAP copies, with effective diffusion constant Dmixed ¼ 0.21 mm2 s1, are assigned as a rapidly exchanging mixture of nonspe-
cifically bound copies (fns) and copies undergoing free, three-dimensional diffusion within the nucleoids (ffree). Longer trajectories
of 7-s duration reveal transitions between the slow and mixed states, corroborating the assignments. Short trajectories of 20-ms
duration enable direct observation of the freely diffusing RNAP copies, yielding Dfree ¼ 0.7 mm2 s1. Analysis of single-particle
trajectories provides quantitative estimates of the partitioning of RNAP into different states of activity: ftrxn ¼ 0.545 0.07, fns ¼
0.28 5 0.05, ffree ¼ 0.12 5 0.03, and fnb ¼ 0.06 5 0.05 (fraction unable to bind to DNA on a 1-s timescale). These fractions
disagree with earlier estimates.INTRODUCTIONThe new superresolution techniques of fluorescence micro-
scopy enable location (1–3) and tracking (4,5) of single
molecules in live bacterial cells with spatial resolution of
~30 nm and temporal resolution as fast as several millisec-
onds. Specific molecular processes occurring within the
small volume of the bacterial cytoplasm can be dissected
in space and time (6). In earlier work on Escherichia
coli, we used a YFP-based photobleaching/recovery
method (7) to estimate ribosome and RNA poly-
merase (RNAP) copy numbers, demonstrate the degree of
ribosome-RNAP spatial segregation, and show that most
70S ribosomes diffuse freely within the ribosome-rich
regions, presumably as a mixture of polysomes of different
lengths (8).
Here we present a detailed study of RNAP diffusion in
live E. coli, tracked by a b0-mEos2 fusion protein expressed
from the chromosome. On a 1-s timescale, approximately
half of the observed RNAP copies sub-diffuse very slowly,
moving in the same fashion as DNA loci. We assign these
as RNAP copies specifically bound to DNA, including
transcription initiation, elongation, pausing, and termina-
tion. The other half of the observed copies are assigned to
a rapidly equilibrating mixture of nonspecifically bound
copies and copies freely diffusing within the nucleoid
regions. Longer 7-s trajectories obtained at 0.5 s/frame
reveal transitions between the slow state and the mixed
state. Shorter 20-ms trajectories obtained at 2 ms/frame
directly reveal unbound, freely diffusing RNAP copies.Submitted August 5, 2013, and accepted for publication October 23, 2013.
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0006-3495/13/12/2676/11 $2.00A quantitative description of the partitioning of RNAP
among its various roles in live E. coli provides an important
test of global models of cellular processes (9–11). In partic-
ular, the concentration of free RNA polymerase, which to
our knowledge has never before been measured directly,
directly affects the expression level of most housekeeping
genes and of rrn operons (9). The new data enable us to
partition RNAP activity into the fraction transcribing (ftrxn,
which includes initiation, elongation, pausing, and termina-
tion), the fraction nonspecifically bound to DNA (fns), the
fraction able to bind DNA but freely diffusing in three di-
mensions (ffree), and a small fraction that evidently cannot
bind to DNA on a 1-s timescale (fnb). Our best estimates
of these fractions disagree with earlier model results that
relied on estimates of free RNAP from experiments on
mini-cell preparations (9,10).MATERIALS AND METHODS
Bacterial strains
Except as noted, all the strains are based on a VH1000 background strain.
Strain details are given in Section S1 in the Supporting Material. Most of
the work used strain HC1, which we call RNAP-b0-mEos2. It has the
gene for the photoswitchable protein mEos2 inserted into the chromosome
at the C-terminus of rpoC (rpoc::meos2). Chromosomally expressed
RNAP-b0-yGFP (RLG7470) contains a fusion of yGFP to the rpoC
C-terminus (8). The DNA binding protein (Heat-Unstable Nucleoid Pro-
tein) HU-mEos2, used for imaging the nucleoid, was expressed from a
plasmid. For tracking specific DNA loci using the parS-ParB-GFP method,
we used the Left-1 strain (RLG7455) and the NSL-2 strain (RLG7457). In
both strains, ParB-GFP is expressed without any induction. These two
strains are in an MG1655 background.
Doubling times of all the constructs and the background strain VH1000
in EZ-rich, defined medium (EZRDM) at 37C were measured in a micro-
plate reader (Infinite M1000 PRO; Tecan, Ma¨nnedorf, Germany). Under
these conditions, all doubling times lie in the narrow range 39 5 2 min.http://dx.doi.org/10.1016/j.bpj.2013.10.024
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shaker for the single-molecule studies.Cell growth and sample preparation for
microscopy
Cells were grown in EZRDM (0.28 Osm) (12) overnight with shaking in a
37C hot air shaker. We subsequently made subcultures by diluting the
stationary phase culture at least 1:100 into 2 mL of fresh medium. When
cells had grown to mid-log phase (OD600¼ 0.4–0.6), the culture was placed
in CoverWell Perfusion Chamber Gaskets (Invitrogen, Carlsbad, CA) on a
polylysine-coated coverslip. The volume of the closed chamber is 140 mL.
We allowed ~2 min for the cells to adhere to the coverslip, then replaced the
liquid in the chamber with fresh, aerated medium to rinse away the nonad-
hered cells.
Except as noted, imaging by wide-field epifluorescence or by single-
molecule photoactivation was carried out at 25C within 10 min of plating.
The photophysical properties of mEos2 are enhanced at 25C. After plating,
cells continue to grow with a doubling time of 42 min, estimated by
measuring cell length versus time using phase-contrast microscopy (8).
The longer doubling time under imaging conditions is likely due to the
lower temperature and to incomplete oxygenation of cells in the sealed
chamber. The average length of cells is ~4.8 mm, and most cells exhibit
two primary nucleoid lobes, often segregated into two sublobes each.
For imaging of RNAP in fixed cells, 37% formaldehyde by weight was
added to 1 mL of culture to a final concentration of 3.7%. The culture
was kept at room temperature for 1 h for fixation. Cells were then pelleted
with a brief centrifugation (9000 rpm for 2 min), rinsed twice with 1 PBS,
and resuspended in 1 mL of 1 PBS before plating and imaging.Single-molecule imaging
Cells were imaged using an Eclipse Ti inverted microscope (Nikon Instru-
ments, Melville, NY) equipped with an oil immersion objective (CFI Plan
Apo Lambda DM 100 Oil, 1.45 NA; Nikon Instruments), a 1.5 tube
lens, and the Perfect Focus System (Nikon Instruments, Melville, NY).
For time-lapse imaging, fast shutters (Uniblitz LS2; Vincent Associates,
Rochester, NY) were used to synchronize illumination and image acquisi-
tion. Images were recorded by a back-illuminated electron-multiplying
charge-coupled device (EMCCD) camera with 256  256 pixels of 16 
16 mm each (iXon DV-887; Andor Technology, South Windsor, CT).
Each pixel corresponds to 105  105 nm2 at the sample (150 overall
magnification). Most data were collected at a frame rate in the range
2–33 Hz, with exposure time within each frame of 15–30 ms. To image
freely diffusing RNAP, data were collected at a frame rate of 500 Hz using
a fast EMCCD camera (ANDOR iXon 860, 128  128 pixels, 24  24 mm
each; Andor Technology).
RNAP-b0-mEos2 was photoactivated with a 405-nm diode laser
(CrystaLaser, Reno, Nevada) and subsequently imaged with a 561-nm laser
(Sapphire 561 CW lasers; Coherent, Bloomfield, CT). The 405-nm power
density at the sample was 0.1–1.5 W/cm2. The photoactivation laser
remained on throughout imaging. Power density of the 561-nm laser was
kept at ~1.5 kW/cm2. In time-lapse mode (30 ms/frame, 100 ms/frame),
the probe laser was pulsed; it was on continuously in the 2 ms/frame
tracking experiments. Cell growth slows significantly after ~9 min of
561-nm laser exposure. To minimize the phototoxic effect of the laser,
we collected data for <6 min per cell. Emission was collected through a
617/73 bandpass filter (bright line 617/73-25; Semrock, Rochester, NY).
For the 10-Hz movies, the dynamic localization accuracy, estimated from
the extrapolated intercept of MSD plots, is s ~ 40 nm. The total number
of photoactivatable RNAP-b0-mEos2 copies was ~700 per cell for cells
grown at 37C and imaged at 25C. We estimate the mean total RNAP
copy number to be at least ~6000 per cell from RNAP-yGFP under these
conditions (see Section S2 in the Supporting Material). Only ~12% of theRNAP copies are observable at 25C. The mean trajectory length is 8–10
steps. The key results were compared with data from cells grown and
imaged at 37C to test for possible effects of imaging at the lower temper-
ature (see Fig. S1 in the Supporting Material). Single-molecule tracking of
RNAP-b0-YGFP was carried out using the reversible photobleaching
method (7) as described in Bakshi et al. (8). Superresolution imaging of
HU-mEos2 was carried out with the same procedure used for RNAP-
b0-mEos2. Images were acquired at a frequency of 12.4 Hz with 50-ms
exposure time within each frame.
Fluorescently labeled (parS-ParB-GFP) chromosomal loci were tracked
at 10 Hz with 20-ms exposure time per frame. Each set of cells was tracked
for 100 frames before moving to a new set of cells. Data were collected on
each sample for <10 min. GFP was excited with a 488 nm Arþ laser
(Melles Griot, Carlsbad, CA) and emission was collected with a 525/50
emission filter (ET 525/50M; Chroma Technology, Bellows Falls, VT).
The 488-nm power density at the sample was ~0.5 kW/cm2.Analysis of single-molecule tracking data
Single-molecule trajectories were obtained using a centroid algorithm to
locate molecules, as described earlier in Wang et al. (13) and Bakshi
et al. (14). The population-averaged mean-square displacement versus lag
time was calculated by pooling trajectories from multiple movies and
from different sets of cells:
MSDrðtÞ ¼ 1
NM
X
i
X
m
½riðmDt þ tÞ  riðmDtÞ2: (1)
Here x lies along the cell centerline (long axis), y lies along the transverse
coordinate parallel to the camera plane, r ¼ (x2 þ y2)1/2, ri(t) is the particle
position in trajectory i at time t, t is the lag time, N is the total number of
trajectories, and Dt is the time between frames. The index m runs from
0 to the largest possible valueM given the lag time and the trajectory length.
To test for heterogeneity of diffusion from molecule to molecule, we
examined the distribution of nominal single-molecule diffusion constants
(Di) estimated from the time-averaged mean-square displacement (MSD)
for each molecule (15):
DiðtÞ ¼ 1
4tM
X
m
½riðmDt þ tÞ  riðmDtÞ2: (2)
We also find that scatter plots of the maximum excursion of a trajectory
along x and y (εx versus εy) can be useful in dissecting heterogeneous
diffusion data.Monte Carlo Simulations
The effects of confinement on diffusion of RNAP are simulated as Monte
Carlo random walks within a truncated cylinder representing one nucleoid
sublobe. Simulations were performed in MATLAB, as in Bakshi et al. (14).
For comparison with experiment, we include the effects of the localization
error s by sampling from the appropriate two-dimensional Gaussian
function. The one-dimensional localization error is estimated by extrapo-
lating the MSDr(t) plot to t ¼ 0 and equating the intercept with 4s2 (16).RESULTS
Heterogeneous RNAP diffusion on 1-s timescale
To begin, we present a detailed analysis of RNAP diffusion
data combined from 128 cells grown in EZRDM at 37C
and imaged at 25C. RNAP-b0-mEos2 was tracked atBiophysical Journal 105(12) 2676–2686
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FIGURE 1 (A) Examples of RNAP trajectories from 10-Hz movies dis-
played atop the phase contrast image. Scale bar ¼ 1 mm. (B) Distribution
of singlemolecule diffusion constantsDi (Eq. 2) from 5996 trajectories trun-
cated to six steps for the lag time t¼ 300 ms. (Red and green lines) The two
components of a two-state model that mimics the peak and the tail of the dis-
tribution closely. (Inset) Expanded view of long tail of the distribution.
(Green line) Result of a model of free diffusion with Dmixed ¼ 0.21 mm2
s1 including confinement within one nucleoid sublobe. (C) Scatter plot of
maximum excursions εy versus εx for single trajectories (ten steps at
100 ms/frame) along the x (long axis) and y (short axis) directions. (Red
dots) Di < 0.03 mm
2 s1; (green dots) Di > 0.03 mm
2 s1. (D) Ensemble-
averagedMSDr(t) from trajectories truncated at nine steps (Eq. 1). (Orange)
All RNAP copies; (dashed line) linear fit to first three points, yielding
hDRNAPi ¼ 0.03 mm2 s1. (Green) Mixed-state RNAP population only
(defined as Di > 0.03 mm
2/s). (Circles) Data taken at 10 Hz; (triangles) at
33 Hz. (Black solid line) Monte Carlo model for the mixed-state trajectories
withDmixed¼ 0.21 mm2 s1, including confinement in one nucleoid sublobe.
(Red) Slow RNAP population only (defined as Di < 0.03 mm
2/s).
2678 Bakshi et al.10-Hz frame rate (100 ms/frame) with 30-ms laser exposure
within each frame. These conditions provided good signal/
noise and circularly symmetric single-molecule images.
Examples of 10-Hz movie segments are provided in Movie
S1, Movie S2, and Movie S3 in the Supporting Material.
In Fig. 1 A, we show several typical ten-step RNAP
trajectories taken at 100 ms/frame (11 localizations, 1.0 s
total trajectory duration). Cursory inspection reveals two
very different trajectory types. Approximately half of the
trajectories are compact (‘‘slow’’ diffusion, contained within
an ~200  200 nm box), and approximately half are
extended (‘‘mixed-state’’ diffusion, as explained below;
covering an area of ~1.5  0.7 mm, comparable to that of
one nucleoid sublobe). Our working hypothesis is that the
compact (slow) trajectories are due to RNAP copies specif-
ically bound to DNA and are engaged in transcription initi-
ation, are actively transcribing, or are pausing during
elongation or during termination. The extended (mixed-
state) trajectories are due to a rapidly interconverting
mixture of two RNAP states: free copies diffusing in three
dimensions within the nucleoids, and copies nonspecifically
bound to DNA. For trajectory durations of ~1 s, we observe
little evidence of go-stop or stop-go trajectories, i.e., RNAP
copies that make a transition between the mixed state and
the slow state. In the 100 ms/frame movies, we also observe
a small fraction (<10% as judged by eye) of fluorescent
labels that move much faster than the mixed-state trajec-
tories and are blurred and difficult to track. Based on expe-
rience, their diffusion constant is ~1 mm2 s1. They seem not
to exchange with the nonspecifically bound population. We
call this nonbinding fraction fnb.
The distribution of estimated single-molecule diffusion
constants Di (Eq. 2) is shown in Fig. 1 B (15). We truncated
the trajectories at six steps (seven locations, 0.6 s trajectory
length) and formed a histogram of Di for the lag time t ¼
300 ms. The distribution is clearly heterogeneous. Each
cell in the sample shows a comparable number of compact
and extended trajectories. The heterogeneity in the experi-
mental distribution of Di is not primarily due to differences
among cells (see Section S3 in the Supporting Material).
In Fig. 1 D we plot the two-dimensional mean-square
displacement MSDr(t) versus lag time (Eq. 1) averaged over
2665 trajectories truncated at nine steps (10 localizations).
The limiting slope at small t corresponds to a mean diffusion
constant hDRNAPi ¼ 0.03 mm2 s1, but this number represents
an average over a heterogeneous sample. The upper
curve (green) showsMSDr(t) for only the ‘‘mixed-state’’ sub-
set of trajectories, defined as those molecules with Di >
0.03 mm2 s1. This curve is a composite of 779 trajectories
taken at 10 Hz with 30-ms exposure time (open circles in
green) and 470 trajectories taken at 33 Hz with 15-ms expo-
sure time (green triangles). The two data sets match well in
the region of overlapping lag times (0.1–0.2 s). The ‘‘mixed-
state’’ MSD curves can be understood in terms of an effective
diffusion constantDmixed¼ 0.21mm2 s1 including the effectsBiophysical Journal 105(12) 2676–2686
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FIGURE 2 (A) Positions of the DNA loci NSL-2 and Left-1 on the chro-
mosome. (B) Example 1-s-long trajectories for Left-1 taken at 10 Hz and
displayed atop the phase-contrast image. (C) Ensemble-averaged MSDr(t)
plots from 10-Hz trajectories truncated to 12 steps for the slow RNAP
population (Di< 0. 03 mm
2/s, 985 trajectories), for Left-1 (725 trajectories),
and NSL2 (968 trajectories).MSDr data for RNAP in cells fixed with form-
aldehyde is shown for comparison. To see this figure in color, go online.
Single Molecule Tracking of RNA Polymerase 2679of confinement within the nucleoids, as explained below. The
lower MSD plot in Fig. 1 D is for the ‘‘slow’’ subset of trajec-
tories, defined as Di < 0.03 mm
2 s1. Its limiting slope corre-
sponds to Dslow ¼ 0.0032 mm2 s1 and is similar to that of a
DNA locus, as detailed below. The homogeneous slow distri-
bution that best fits the narrow peak in the Di distribution has
fractional amplitude 0.52. The mixed-state distribution that
best fits the long tail on the Di distribution has amplitude
0.40. The sum of these components is systematically
too low at the knee of the total distribution, near Di ¼
0.03 mm2 s1. The extra amplitude at the knee comprises the
remaining 8% of the detected molecules in 10-Hz movies.
Examination of these specific trajectories shows that they
are typically mostly compact, with one or two long steps at
the beginning or end of the trajectory. We attribute them to
transitions between the slow and mixed states occurring on
the 600-ms timescale.
Among all successfully tracked copies of RNAP in the
10-Hz movies, our best estimate of the fractions of slow
and mixed-state copies becomes Fslow ¼ 0.58 and Fmixed ¼
0.42. This is based on the 52% slow and 40% mixed-state
amplitudes and dividing the 8% extra copies at the knee
as 6% slow and 2% mixed-state. The unequal division is
due to the nature of the extra copies at the knee of the overall
distribution. The observed fractions Fslow and Fmixed will be
corrected below for the <10% of very fast copies that
cannot be tracked in 10-Hz movies.
Thus far, the cells were grown at 37C but imaged quickly
at 25C to improve the photophysical properties of mEos2.
As a control, we also obtained a set of data for cells grown at
37C and imaged at 37C. The distribution of single-mole-
cule estimates of Di is very similar (see Fig. S1). To test
whether the specific label mEos2 influences the observed
diffusive behavior of RNAP (17), we also acquired analo-
gous data for RNAP-b0-YGFP, expressed from the chromo-
some of cells grown at 37C and imaged at 37C (7,8). The
YGFP-labeled Di distribution is very similar to that of the
mEos2-labeled RNAP (see Fig. S2).Comparison of slow RNAP motion with
fluorescently labeled chromosomal loci
To test the hypothesis that the slow RNAP fraction in 10-Hz
movies remains bound to DNA on a timescale of ~1 s, we
studied the diffusive motion of two specific DNA loci in
the same growth conditions (EZRDM at 37C). Left-1 and
NSL-2 (Fig. 2 A) were tracked using the parS-ParB-GFP
methodology (18) (see Movie S4). The bright, diffraction-
limited puncta enable accurate tracking (s ~ 30 nm) over
50 camera frames or more. For growth in EZRDM at
37C, each cell typically exhibits 2–4 bright puncta. We
discarded movie segments in which two loci interfere with
accurate tracking of each other. Movies at 10 Hz with
30-ms exposure time within each frame produced hundreds
of trajectories longer than 12 steps.On a timescale of 1 s, all DNA loci trajectories are compact
(contained within a 200  200 nm box, Fig. 2 B). The
ensemble-averaged MSDr(t) was calculated from 725 (for
Left-1) and 968 (for NSL-2) trajectories longer than 13 local-
izations and truncated at 12 steps (Fig. 2 C). Over the range
t ¼ 0.1–1 s, theMSDr plots for both DNA loci curve mildly
downward. The curvature indicates subdiffusive movement
of the labeled foci within the DNA polymer, as observed in
Weber et al. (19). For comparison, in Fig. 2 C we also plot
MSDr(t) for the slow RNAP molecules, again defined as
Di < 0.03 mm
2 s1. The MSD plot is constructed from 985
trajectories truncated to 12 steps each (10 Hz, 30-ms expo-
sure time). To demonstrate that the slopes of the DNA and
RNAP plots are due to real molecular motion rather than
sample drift or localization error alone, we also show
MSDr(t) for RNAP in fixed cells.
The MSD plots for the two DNA loci and for the slow
RNAP population are similar in slope and curvature. The
differences in the intercepts presumably arise from differ-
ences in measurement accuracy, with the brighter DNA
foci localized more accurately. The initial slope of the
MSD plots yields nominal short-time diffusion constants
Dslow ~ 0.0032 mm
2 s1 and DDNA ~ 0.0027 mm
2 s1 for
NSL-2 and 0.0024 mm2 s1 for Left-1. These are only
nominal diffusion constants; the motion of slow RNAP
and of DNA loci is subdiffusive. The bulky size of the clus-
ter of ParB labels may render their diffusion within the DNABiophysical Journal 105(12) 2676–2686
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FIGURE 3 (A) For all detected RNAP copies, scatter plot of maximum
excursion εy versus εx for nine-step trajectories taken at 33 Hz (300-ms
trajectory length). (Red dots) Slow RNAP trajectories (Di < 0.03 mm
2 s1);
(green dots) mixed-state trajectories (Di > 0.03 mm
2 s1). (B)MSD(t) plots
2
2680 Bakshi et al.polymer somewhat slower than that of a DNA locus
alone (20).
In Fig. S8, we compare the distribution of single-mole-
cule Di estimates for the NSL-2 DNA locus and for the
slow component of RNAP, both at a lag time t ¼ 300 ms.
The two distributions are similar, but as the MSD slopes
would indicate, the RNAP distribution is somewhat broader.
The mean values of Di (0.0055 mm
2 s1 for NSL-2 and
0.007 mm2 s1 for RNAP) are 2–3 times larger than the
estimates of the short-time diffusion constant from the
limiting slope of MSDr(t) plots. The reason is that localiza-
tion error makes a significant contribution to Di estimates
for compact motion on short timescales (see Section S10
in the Supporting Material). This is readily seen in Fig. 2
C, where the extrapolated intercepts contribute >50% of
the apparent MSDr for t in the range 0.1–0.3 s. The limiting
slope of an MSD plot avoids the effects of localization error.
We have also compared the distribution of Di for slow
RNAPs with that of the two DNA foci for different combi-
nations of trajectory lengths and lag times. The short-time
motions of the two DNA loci match each other, and they
match the slow component of RNAP reasonably well. On
the timescale of 0.1–1.0 s, the slowly diffusing RNAP pop-
ulation moves very much like a ParB-decorated DNA locus.for the mixed-state RNAP molecules (De> 0.03 mm /s) along the short axis
y, the long axis x, and for r¼ (x2þ y2)1/2.MSDr(t) is divided by 2 to place it
on same scale as x and y. (Solid lines) Simulated MSD plots from Monte
Carlo model with Dmixed ¼ 0.21 mm2 s1 and confinement within cylinder
of R ¼ 380 nm and L ¼ 1.1 mm, as shown. To see this figure in color,
go online.Mixed-state motion modeled as a confined
random walk
Assuming that HU labels the DNA fairly uniformly (21), we
used the HU spatial distribution P(x, y) to estimate appro-
priate model cylinder dimensions for one nucleoid sublobe
(see Section S6 in the Supporting Material). The HU distri-
bution within each sublobe is very similar to that of a
uniformly filled cylinder of radius R ¼ 390 nm and length
L ¼ 1.0–1.2 mm (see Fig. S3). For the RNAP data taken at
33 Hz, the 300-ms-long, nine-step trajectories almost
always remain contained within one nucleoid sublobe, as
shown in scatter plots of the maximal excursions along x
and y (εx and εy) in Fig. 3 A. For the 10-Hz data
(Fig. 1 C), the 0.9-s-long, nine-step trajectories are usually
confined within one nucleoid sublobe, but sometimes leak
out to an adjacent sublobe (range of x > 1.2 mm).
We used the 33 Hz mixed-state data having Di >
0.03 mm2 s1 to test whether a random walk model confined
within one nucleoid sublobe can explain the curvature of the
MSD plot. Two-dimensional projections of random walks
within a cylindrical volume exhibit a different degree of
confinement along x (long axis), y (short, transverse axis),
and r (total distance) (14). We carried out an extensive
search of the L, R, and Dmixed parameter space (see Section
S7 in the Supporting Material) for the best-fit parameters for
MSDx(t) and MSDy(t) in a least-squares sense. The
results are: L ¼ 1.10 5 0.06 mm, R ¼ 0.38 5 0.02 mm,
and Dmixed¼ 0.2055 0.005 mm2 s1, with the uncertainties
indicating 95% confidence intervals (see Section S7 andBiophysical Journal 105(12) 2676–2686Fig. S4 in the Supporting Material). The best estimates of
L and R agree well with the estimated length and radius of
one nucleoid sublobe from superresolution imaging of HU
(see Fig. S3). The same model fits MSDr(t) from the
30 ms/frame data (t ¼ 0.03–0.3 s), but at longer lag times
of 0.5–0.9 s (Fig. 1 D) it progressively underestimates the
100-ms/frame data, as if the confining volume of the model
is too small. This is presumably due in part to RNAP copies
beginning to cross over and explore more than one nucleoid
sublobe at longer timescales, as shown in Fig. 1 C. There
may also be a contribution from the variation in nucleoid
sublobe geometries, analogous to the effects of cell-size
variation described in Lill et al. (22). Finally, the same
model diffusion constant Dmixed ¼ 0.21 mm2 s1 with
confinement effects fits the long tail on the single-molecule
Di distribution well (green curve in Fig. 1 B). We conclude
that the MSD data for the mixed-state RNAP at 0.03–1 s is
well described as Brownian diffusion (random walks) within
the confined region defined by the nucleoid.
The confinement of mixed-state RNAP within the
nucleoid lobes need not arise from any physical barrier.
Instead, the density of DNA binding sites and the strength
of nonspecific binding may well combine to make it
rare for RNAP copies to escape the nucleoid regions.
Accordingly, earlier bulk measurements from fluorescence
FIGURE 4 Examples of 14-step, 7-s long RNAP trajectories obtained at
2 Hz (0.5 s/frame) with advancing time color-coded. Note examples of
go-stop and stop-go trajectories.
Single Molecule Tracking of RNA Polymerase 2681recovery after photobleaching (FRAP) obtained an interlobe
transit time of ~20 s (23). If the mixed-state RNAP motion
were instead completely free diffusion without binding, a
large fraction of RNAP would occupy the entire cytoplasm.
In fact, there is very little RNAP in the ribosome-rich
regions (8).Transitions between slow and mixed diffusion
populations on 7-s timescale
If our assignments of the slowly diffusing population of
RNAP to specifically bound copies and the rapidly diffusing
RNAP to a mixed state of free/nonspecifically bound copies
are correct, we should observe transitions between these two
states of motion on longer timescales. We slowed the frame
rate to 2 Hz (0.5 s/frame with 30-ms exposure time) and
collected trajectories of 14 steps or longer (7 s total dura-
tion). A sampling of these trajectories is shown in Fig. 4.
See also Movie S5 and Movie S6. Of 106 7-s trajectories
studied across 22 cells, ~20% exhibit a clear transition
from slow to mixed-state diffusion (stop-go) or from
mixed-state to slow diffusion (go-stop). The comparable
numbers of transitions in either direction is consistent
with a steady average population of RNAP copies in the
slow and mixed states. In these 7-s-long trajectories, we
never observe clear evidence of double transitions (stop-
go-stop or go-stop-go).Direct observation of freely diffusing RNAP on
20-ms timescale
On the 0.1–1 s timescale, we visually observed <10% of
RNAP copies moving very rapidly compared with the
slow copies and the mixed-state copies. To accurately char-
acterize the motion of this nonbinding population andattempt to catch freely diffusing copies before they bind
nonspecifically, we imaged RNAP-b0-mEos2 at 500 Hz
(2 ms/frame). Example trajectories, the apparentDi distribu-
tion, the scatter plot of maximum excursions εy versus εx for
each trajectory, and MSD plots are provided in Fig. 5. The
Supporting Material includes an example of a fast movie
(see Movie S7).
Visual inspection of the trajectories hints at two types,
compact and more extended. The Di distribution is not
well fit by a one-component model, but neither does it
exhibit a clean separation of two components. We assume
the two components present are a DNA-bound fraction
(including both specific and nonspecific binding on this
short, 20-ms timescale) and an unbound, freely diffusing
fraction, and that they do not exchange on such a short time-
scale. Our goal is to extract the fractions FDNA-bound
and Funbound and the free RNAP diffusion constant
Dunbound ¼ Dfree.
As described in Section S8 in the Supporting Material,
the scatter plot of εy versus εx (Fig. 5 C) proved much
more useful than the Di distribution in dissecting the two
states of motion. Our procedure for obtaining the diffusion
constants DDNA-bound and Dunbound ¼ Dfree and the fractions
FDNA-bound and Funbound is complicated and thus relegated to
Section S8 in the Supporting Material. The results are:
FDNA-bound ¼ 0.82 5 0.03; Funbound ¼ 0.18 5 0.03;
DDNA-bound ¼ 0.005 5 0.002 mm2 s1; and Dfree ¼ 0.7 5
0.1 mm2 s1.Quantitative partitioning of RNAP
We use upper-case F to denote measured fractions and
lower-case f to denote the derived RNAP partitioning frac-
tions of interest. To summarize, from the movies at
100-ms/frame, we obtained the fractions Fslow ¼ 0.58 5
0.04 and Fmixed ¼ 0.42 5 0.04 (expressed as fractions of
the successfully tracked copies) and the diffusion constant
Dmixed ¼ (0.21 5 0.02) mm2 s1. From the faster movies
at 2 ms/frame, we obtained the fractions FDNA-bound ¼
0.825 0.03 and Funbound ¼ 0.185 0.03 and the diffusion
constant Dunbound ¼ Dfree ¼ (0.75 0.1) mm2 s1. Combina-
tion of all these results enables us to partition total RNAP
into four steady-state fractional subpopulations:
1. ftrxn, the fraction specifically bound to DNA (including
transcription initiation, elongation, pausing, and tran-
scription termination);
2. fns, the fraction nonspecifically bound to DNA;
3. ffree, the fraction freely diffusing and exchanging with the
nonspecifically bound population; and
4. fnb, the fraction freely diffusing but unable to bind
to DNA.
We write the partitioning equations
1 ¼ ftrxn þ fns þ ffree þ fnb; (3a)Biophysical Journal 105(12) 2676–2686
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FIGURE 5 (A) Examples of 10-step, 20-ms-long
RNAP trajectories obtained at 500 Hz (2 ms/
frame). (Dark blue) Beginning and (dark red)
end of each trajectory. (B) Di distribution for
4551 trajectories obtained at 500 Hz; lag time is
t ¼ 3 steps ¼ 6 ms. (Solid lines) Model cal-
culations for two noninteracting populations,
one with DDNA-bound ¼ 0.005 mm2 s1 and
FDNA-bound ¼ 0.81 (red curve) and the other with
Dunbound ¼ Dfree ¼ 0.7 mm2 s1 and Funbound ¼
0.19 (green curve). Their sum (blue curve) fits
the overall distribution well, indicating the model
is adequate. (C) For 10-step trajectories obtained
at 500 Hz, scatter plot of εy versus εx. (Dashed
circle) Value of εrms ¼ 0.27, which most cleanly
separates the DNA-bound from the unbound
copies. See Section S8 in the Supporting Material
for details. (D) Ensemble-averaged MSDr(t) plots
for the DNA-bound and unbound fractions from
10-step, 500-Hz trajectories of 20-ms duration.
The initial slope of the unbound MSD plot yields
the best estimate Dfree ¼ 0.69 mm2 s1.
2682 Bakshi et al.Funbound ¼ ffree þ fnb; (3b)Fmixedð1 fnbÞ ¼ fns þ ffree; (3c)Dmixed ¼ Dfree

ffree=

ffree þ fns

: (3d)Equation 3a is the normalization condition. Equation 3b
from the fast movies at 2 ms/frame equates the unbound
fraction with the two freely diffusing populations—those
that can exchange with nonspecifically bound copies and
those that cannot bind to DNA. This assumes no exchange
between the DNA-bound and unbound copies on the fast,
20-ms timescale, as justified by the good fit to the Di distri-
bution using two nonexchanging populations. Equation 3c
equates Fmixed with the nonspecifically bound plus free frac-
tions. The factor (1 – fnb) corrects the observed value of
Fmixed for the very fast, untrackable copies in the 100-ms/
frame movies. Finally, Eq. 3d describes Dmixed from the
100 ms/frame movies as a population-weighted average of
Dfree and DDNA. The nonspecifically bound copies, which
diffuse like DNA loci, make a negligible contribution to
the observed mixed-state motion on the 1-s timescale.
The solution to these four equations in four unknown
fractions is: ftrxn ¼ 0.545 0.07; fns ¼ 0.285 0.05; ffree ¼
0.12 5 0.03; and fnb ¼ 0.06 5 0.05. The error estimates
were obtained by propagating the estimated errors of theBiophysical Journal 105(12) 2676–2686input parameters into the output parameters. They show
that the solution set is not overly sensitive to small changes
in the input parameters.
There remains the question of possible systematic errors.
Our primary concern is the depth of focus of the 1.45 NA
objective. Defocusing of RNAP copies that move near the
top and bottom of the nucleoids lowers their peak intensity,
causing the thresholding algorithm to discriminate against
them and sometimes cut their trajectories into short
segments. In the 100-ms/frame movies, ‘‘mixed-state’’
copies move further in a given period than ‘‘slow’’ copies
and are thus more likely to go out of the detection range.
In the 2-ms/frame movies, unbound copies move further
than DNA-bound copies, but neither type moves very far.
In Section S9 in the Supporting Material, we estimate that
the depth of detection is the range z ¼5340 nm above and
below the cell center axis. The HU distribution is well
modeled as a uniformly filled cylinder of radius 390 nm.
Thus, depth-of-focus effects should be modest. If slow and
mixed-state copies were similarly distributed throughout
the nucleoids, we estimate that depth-of-focus effects would
correct our partitioning estimates only moderately to ftrxn ¼
0.49, fns ¼ 0.28, ffree ¼ 0.12, and fnb ¼ 0.11. However, we
have preliminary evidence that in our growth conditions,
the slow, transcribing RNAP copies tend to distribute toward
the nucleoid periphery. In contrast, the mixed-state copies
are distributed more centrally, more like HU. The effect is
difficult to quantify from two-dimensional images, but it
Single Molecule Tracking of RNA Polymerase 2683is clear that such a difference in radial distribution will work
in the opposite direction from the depth-of-focus effect and
push the best estimates back toward the uncorrected values
above. Hence, we prefer the original estimates: ftrxn ¼
0.54 5 0.07; fns ¼ 0.28 5 0.05; ffree ¼ 0.12 5 0.03; and
fnb¼ 0.065 0.05. We include both the corrected and uncor-
rected values in the bar graph of Fig. 6.DISCUSSION
Justification of assignments
The maturation time of mEos2 in vitro is ~175 min (24).
This is much longer than the VH1000 doubling time of
30 min in EZRDM at 37C. Based on a simple exponential
growth model (see the Supporting Material in Bakshi et al.
(8)), we expect the fraction of mature mEos2 to be ~0.2 in
steady state. This is similar to the estimated fraction of
RNAP copies detected in our experiment: 700 detectable
b0-mEos2 per cell out of a total of ~6000 RNAPs per cell
is 0.12. The estimated time required for incorporation of
the b0 subunit into the RNAP core enzyme in vivo is
~2.5 min (25,26), much shorter than the maturation time
of mEos2. Therefore, essentially all the fluorescent
b0-mEos2 copies should be incorporated into the RNAPFIGURE 6 Comparison of estimates of RNAP partitioning fractions from
this work with earlier model results from Bremer et al. (10) and Klumpp
and Hwa (9). We show our raw, uncorrected fractions and also our fractions
corrected for depth of detection effects. (Labels: nb, RNAP fractions that do
not bind to DNA; free, RNAP fractions that are freely diffusing within the
nucleoid; ns, RNAP fractions that are binding nonspecifically to DNA; trxn,
RNAP fractions that are transcribing; and Int denotes assembly intermedi-
ates.) Bremer et al. (10) interpreted their minicell fractions in terms of what
we call the sum of free plus nonspecific binding. They postulated a paused
state that stores a large number of nonelongating, specifically bound copies.
Klumpp and Hwa (9) reinterpreted those copies as nonspecifically bound.
See text and Section S9 in the Supporting Material for details. To see this
figure in color, go online.core enzyme. Any mEos2 copies that might have
been cleaved from b0 would diffuse much too fast
(~10 mm2 s1) to be detected in the 10-Hz imaging experi-
ments. At 500 Hz, they would be detected but would exhibit
spatial extents εx and εy much larger than observed. The
b0-mEos2 fluorophores localized and tracked here should
be almost entirely incorporated into RNAP core enzyme
or holoenzyme.
We expect RNAP in live E. coli to exist in three condi-
tions distinguishable by analysis of the trajectory data:
RNAP specifically bound to DNA (including transcription
initiation, elongation, pausing, and termination); RNAP
nonspecifically bound to DNA; and RNAP freely diffusing
within the nucleoid (sometimes called hopping or jumping).
Our assignment strategy utilizes what is known about the
likely time-dependent characteristics of each condition.
At a doubling time of 30–40 min, we expect one-half to
two-thirds of the transcribing RNAP copies to be tran-
scribing rrn operons, with the remainder transcribing pro-
tein genes and short pieces of regulatory RNA (9). Each
of the seven rrn operons comprises ~5500 nt and is tran-
scribed at ~90 nt/s, yielding a mean total transcription
time trrn ~ 60 s (27). The average length of an mRNA tran-
script is ~ 900 nt (28), and genes are transcribed more
slowly, at a mean speed of ~40 nt/s (29), probably due to
transcriptional pausing. The mean total time of transcription
of a gene is ~ 20 s. Approximately 30% of genes occur in
operons with an average of three genes/operon (30–32).
Therefore, we estimate that a typical time for a complete
gene transcription event is tgene ~ 30 s.
Our assignment of the slow RNAP copies in the 100-ms/
frame data (Fig. 1) to specifically bound copies is consistent
with these numbers. Only ~8% of the copies make transi-
tions on the 1-s timescale of those trajectories. These may
arise from aborted initiation attempts or transcription of
small RNAs. The rest remain in the slow state for the entire
1 s, consistent with the estimates of trrn and tgene above.
Additional support for this assignment comes from the
direct observation of transitions between the slow state
and the mixed state in the longer, 7-s trajectories (Fig. 4).
Approximately 10% of these longer trajectories undergo
apparent go-stop transitions and another 10% undergo
apparent stop-go transitions. This is consistent with quasi-
stationary populations of transcribing and nontranscribing
RNAP. The 10% figure over 7 s is also sensibly consistent
with expectations based on trrn ~ 60 s and tgene ~ 30 s,
with rrn transcription predominant.
The similarity of the slow RNAPmotion to that of the two
DNA loci (Fig. 2) further corroborates the assignment. From
the brightness of the ParB-YFP loci in EZRDM, we estimate
that the average ParB punctum contains ~50 copies of ParB-
YFP (total mass comparable to that of one ribosome). Based
on earlier work, it is likely that the bulky ParB labels hinder
the short-time movement compared with that of a small,
unlabeled DNA segment (20). If so, then the slow RNAPBiophysical Journal 105(12) 2676–2686
2684 Bakshi et al.copies are in fact subdiffusing more slowly than a small,
undecorated DNA segment would. However, an elongating
RNAP is coupled to its mRNA product, which in turn may
be decorated with multiple ribosomes (cotranscriptional
translation) that are in turn trailing nascent polypeptides.
Such a large, branched mass almost surely moves more
slowly relative to the nearby DNA meshwork than would
a small, undecorated DNA segment.
Returning to the 100-ms/frame, 1-s trajectories (Fig. 1),
by process of elimination the faster diffusing population is
not transcribing. We assume this population is searching
for transcription initiation sites, i.e., undergoing a combina-
tion of nonspecific binding mixed with free diffusion within
the nucleoid. Because the behavior of this faster population
is well described by appropriately confined homogeneous
random walks, we attribute it to ‘‘mixed-state’’ behavior
with rapid exchange between nonspecific binding events
and free diffusion on the 100-ms timescale of a single cam-
era frame. As an aside, two recent studies in vitro have
shown that unlike many DNA-binding proteins, RNAP
does not slide appreciably along the DNA contour (33,34).
We do not know the typical timescale of a nonspecific
binding event in vivo, but there is guidance from recent
work in vitro. In good growth conditions, essentially all
holoenzymes in exponential growth conditions utilize s70
(33). Wang et al. (35) directly measured mean binding times
of s70-RNAP to nonspecific regions of l-DNA. The result is
tns ~30 ms. However, tns was obtained in somewhat low-salt
conditions that lengthen nonspecific binding times into the
measureable range. In physiological salt conditions, we
expect the nonspecific binding time to be shorter, consistent
with our assertion of rapid exchange of nonspecifically-
binding and free copies on a 100-ms timescale.
Additional support for the mixed-state assignment comes
from analysis of the 20-ms trajectory data obtained at 2 ms/
frame (Fig. 5 and see Fig. S6). Those data are very well fit by
a model with two nonexchanging RNAP populations, one
DNA-bound (both specifically and nonspecifically) and the
other diffusing freely within the nucleoids. The resulting
Dfree ¼ (0.75 0.1) mm2 s1 is much faster than the mixed-
state average Dmixed ¼ (0.21 5 0.02) mm2 s1. Dfree is our
estimate for the diffusion constant of unbound RNAP within
the nucleoids. It is sensibly consistent with variation of diffu-
sion constant with protein size in the E. coli cytoplasm (36).
Finally, the 6% nonbinding RNAP copies included as fnb
may include misfolded RNAP. We speculate that it may also
include s70-RNAP that is bound to the small, noncoding 6S
RNA (37). 6S RNA is known to abrogate transcription
initiation, but it is not certain whether 6S-s70-RNAP can
bind nonspecifically to DNA.Comparison with earlier study of RNAP diffusion
In earlier work we used FRAP to study the single-cell,
micron-scale diffusive motion of RNAP labeled withBiophysical Journal 105(12) 2676–2686b0-GFP in live E. coli (23). As in this study, the chromo-
somal DNA exhibited two primary lobes. Labeled RNAP
within one nucleoid lobe (half the cell) was photobleached
at t ¼ 0. A weak probe laser monitored the recovery of
the axial profile of intensity as bleached and unbleached
copies interdiffused. Averaged over many cells, ~53% of
the RNAP were mobile on the timescale of 10–20 s with
an estimated diffusion constant of hDRNAPi ¼ 0.22 5
0.16 mm2 s1. The remaining 47% of the population did
not recover even on a 30-s timescale.
The results of this single-molecule tracking study of
submicron motion are in basic agreement with the earlier
work. In the FRAP study, recovery required movement of
RNAP copies from one nucleoid lobe to the other. In this
study, single particle trajectories are sensitive to motion
on the 0.05-mm length scale, much smaller than the size
of a single nucleoid lobe. The effective diffusion constant
of the mixed-state population Dmixed ¼ 0.21 mm2 s1 is
very similar to the longer-range diffusion constant gleaned
from the earlier FRAP study (23). This suggests that the
slow step in the interlobe transfer observed by FRAP is
the migration of RNAP copies to the nucleoid periphery,
where they can efficiently cross the central gap between
the two primary nucleoid lobes. That gap is a ribosome-
rich region (8) that evidently presents relatively little imped-
ance to RNAP diffusion.Partitioning of RNA polymerase activity
Estimation of the free RNAP concentration and the percent-
age of free RNAP in the E. coli cytoplasm have been highly
indirect thus far. In 2001, Shepherd et al. (38) measured total
amounts of b and b0 relative to total protein in minicells and
in unperturbed normal cells. From that data, they inferred
that for a doubling time of 24 min, the combination of
free b, free b0, and complete enzyme in the nonnucleoid
part of the cytoplasm comprised 17% of total RNAP. Based
on estimates of the RNAP assembly time, they further
inferred that most of the b, b0 detected in the minicells
was in the form of free, unincorporated subunits and thus
proposed that only ~2% of total core and holoenzyme was
present as free RNAP. A subsequent, more comprehensive
model by Bremer et al. (10) revised this estimate to 8%
free RNAP at 24-min doubling time (5% at 60-min doubling
time). Importantly, both Shepherd et al. (38) and Bremer
et al. (10) include the sum of our free plus nonspecific
binding fractions in their definition of free RNAP. Our result
ffree þ fns ¼ 0.405 0.06 is much larger than their estimates
of 2–8%. Note that the long maturation time of mEos2
implies that our fractions exclude free, unincorporated b0
and assembly intermediates.
Improved understanding of the spatial distribution of
RNAP suggests a likely reason for this discrepancy. Our
earlier single-molecule study of ribosomes and RNAP
showed very strong segregation between ribosomes and
Single Molecule Tracking of RNA Polymerase 2685DNA and close similarity between the RNAP and DNA
spatial distributions (8). We estimated that at most 4% of
total RNAP resides outside the nucleoids in the two ribo-
some-rich endcaps. We double this to estimate that <8%
of total RNAP resides in all the ribosome-rich regions com-
bined (two endcaps plus the central region between nucleoid
lobes). In view of the new partitioning data, many of these
RNAPs are likely the nonbinding copies, which, to our
knowledge, would be detected here for the first time. For
those RNAP copies that can bind to DNA, the strength of
DNA-RNAP nonspecific binding and the sheer density of
available nanosecond-binding sites within the nucleoid
region evidently cause the chromosomal DNA to tightly
sequester RNAP.
Turning to the minicells, the simplest model assumes that
a minicell provides an additional volume of ~10% of the
normal cell volume, but devoid of DNA. In terms of
RNAP spatial partitioning, the minicell volumewould effec-
tively add ~20% to the volume of the ribosome-rich regions.
This small additional volume will not greatly affect the
ability of the chromosomal DNA to sequester the fractions
ffree, fns, and ftrxn within the nucleoids. We suggest that the
minicell experiment may in fact provide an estimate of
what we call ffree þ fnb, not ffree þ fns. Our value for ffree þ
fnb¼ 0.18 is roughly consistent with the total RNAP fraction
within minicells (17%).
Unfortunately, comprehensive models of RNAP partition-
ing by Bremer et al. (10) and by Klumpp and Hwa (9) relied
heavily on the original interpretation of the minicell result.
Their derived fractional populations are compared with our
best estimates in the bar graph of Fig. 6. For example, the
model of Klumpp and Hwa (9) at 30-min doubling time
found 24% of total RNAP actively transcribing, including
initiation and pausing (16% rRNA and 8% mRNA); 60%
nonspecifically bound to DNA; 9% freely diffusing; and
8% assembly intermediates. The minicell result constrained
the sum of free and assembly intermediate fractions to be
only 17%, which had a strong impact on all the other
fractions. We also note that our assignment of Fmixed as
the sum of fns þ ffree is inconsistent with the model of
Shepherd et al. (38) and Bremer et al. (10), which includes
a large fraction of RNAP sequestered in nonproductive,
paused states. It is much more consistent with the partition-
ing concept of Klumpp and Hwa (9), which includes a large
fraction of nonspecifically bound RNAP.
In future work, we plan to extend these methods to E. coli
cells in different growth conditions. The result will be a
comprehensive picture of how RNAP partitions its activities
in fast, medium, and slow growth.SUPPORTING MATERIAL
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